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The objectives of this study were first, to 
identify characteristics of the acoustic emission 
signals from graphite-epoxy composites which could 
be related to the various fracture mechanisms, and 
second, to determine how these are related to the 
history of the flaw growth and to the degree of 
degradation of the strength of the composites due 
to moisture. 
The fracture behavior of the composite speci-
mens was very erratic as was the acoustic emission 
behavior. There were a great number of emissions 
covering a very wide range of amplitudes, estimated 
from the shape factors to vary by 14 orders of mag-
nitude. As a result, it was very difficult to per-
form a systematic study to relate acoustic emission 
characteristics with any specific fracture mechanism 
such as fiber fracture, matrix fracture, or fiber 
pull out. 
Another difficulty was that there were only 
very subtle differences in the acoustic emission 
characteristics between the unaged material and the 
fully aged or moisture degraded material, although 
there were big differences in the mechanical proper-
ties of the composites due to aging. 
We have made some progress, however, and I 
would like to present some of the results now in the 
context of how they might apply to monitoring a 
structure in a proof loading situation. 
We looked at three materials. These are the 
same materials that Dave Kaelble and Paul Dynes 
looked at during last year's and this year's program. 
They were all unidirectional graphite-epoxy fiber 
composites made into laminate sheets about a quarter 
of an inch thick, and were chosen to have different 
degrees of moisture susceptibility. 
We tried quite a few different specimen geo-
metries;however, most of the work was done with 
three-point bend specimens. These bend specimens 
were two and a half inch long bars having about a 
quarter inch square cross section. Side grooves 
were cut into each side of the bar at the mid-length, 
leaving about a 90 mil wide web down which the crack 
propagated. 
With this geometrical orientation in mind, the 
left-hand picture of Fig. 1 shows the fracture sur-
face of one of these bend specimens. Cracks started 
at the top at the maximum tensile stress position 
on the specimen and proceeded down through the 90 
mil wide web. 
On the right of Fig. 1 is an artist's drawing 
of that fracture surface. The main features are 
that there are very smooth regions and very rough 
regions of fracture. Through the load diagrams we 
have established that fast fracture produces a 
smooth surface and very slow, semi-stable crack 
growth produces a very rough surface. 
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Figure 1. Combination of observed load and acoustic 
emission data with implications of the appear-
ance of the fracture surface to arrive at 
crack growth parameters. 
From this observation, we can make correlations 
with the acoustic emission data and can calculate 
certain parameters. For example, after abrupt ~oad 
drops or certain other key features on th: load1ng 
curve and knowing what the crack length 1s at that 
time 'we can calculate the approximate stress in-
tensity factor. Some of these values are indicated 
on Fig. 1 where you can see a range of values at 
different times in the load history. I must empha-
size that these are only approximate because of the 
complex geometry of the specimen, but are sufficient 
for the purpose of comparison between specimens.of 
identical geometry at various times in the spec1men 
loading history. 
At the left of the drawing in Fig. 1, we show 
the optical observations of the ~rack front at.cer-
tain load levels during the load1ng. On the r1ght, 
we have implied the values of the load at certain 
crack front positions by correlating the appearance 
of the fracture surface with the loading history. 
The values of Klc calculated from these observed 
and implied data fall wit~in the same range. The 
spread in these values could well r:present.the 
inhomogeneity in the strength of th1s mater1al. 
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A second parameter that we can get out of 
these observations is a measure of the average 
fracture surface area per detectable acoustic emis-
sion event. Some of these numbers are shown in 
Fig. 1 for different regions during the slow frac-
ture. We determined the area of a slow fracture re-
gion which was formed between two well-defined points 
in the loading history and divided it by the number 
of events which occurred during that time. This 
ratio is a measure of the average fracture surface 
area per event which for this specimen was an area 
of 11-37 microns squared. Comparing this to the 
fiber diameters of about 8 microns, you can see 
that these areas for the individual fracture units 
are small, of the order of a few fiber diameters . 
on the average. But then again, because of the w1de 
range in the amplitudes of th: emission~ that we see, 
we get some feeling for the w1de range 1n the frac-
ture surface areas, too. 
We looked at various orientations of the speci-
mens. This happens to be an LS specimen, that is, 
the maximum stress axis was along the fiber direction 
and the crack propagation direction was in the S 
orientation or through the thickness of the plate 
normal to the plies. Other orientations were the 
LT, TS and TL. We used these different orientations 
to change the dominant fracture modes in order to 
identify the characteristics of the acoustic emis-
sion signals generated by the various modes. Al-
though different types of emission signals were 
seen, we were not able to correlate them with speci-
fic fracture processes,because the individual vari-
ations between supposedly identical specimens over-
shadowed any of the changes that we were able to 
produce. 
Loading was done on an Instron machine using 
a constant crosshead speed, and loading was carried 
to failure in most instances. In Fig. 2 are shown 
some examples of the loading history. The solid 
line in each figure is the load-time curve. In the 
top two figures, the dotted curve is the cumulative 
acoustic emission event count and the dashed curve 
is the cumulative acoustic emission count. The 
difference here is that the event curve is obtained 
by taking each of the acoustic emission bursts and 
counting it as one event. The count curve is ob-
tained by counting each cycle in the oscillatory 
bursts and accumulating that number. Larger ampli-
tud: events will•give more counts per burst. The 
rat1o of the slopes of these two curves, the number a: co~nts to th: number of events during a given 
t1~e 1~terval, 1s plotted in the bottom figures. 
Th1s g1ves a measure of the average amplitude of the 
emissions at any time during the test. Also, at 
the bottom is plotted the event rate. You can see 
that this is a widely fluctuating quantity and was 
found to be widely erratic between identical speci-
mens, presumably very dependent upon the exact na-
ture of the pre-existing flaws and the exact nature 
of the fracture process. 
The curves shown in Fig. 2 are only examples 
for the unaged and the aged materials. There was 
no typical curve for the two conditions. Sometimes 
the unaged material would load up and fracture all 
the way through, and in this example, the biggest 
crack step was in tile aged material, but that wasn't 
necessarily typical. 
. At t~e.normal 60 dB gain settings of the detec-
tlon ampl1f1ers, a great many of the emission bursts 
would saturate the amplifiers. At various times in 
the loading history, for example, where the crack 
was growing stably, we reduced the gain to increase 
th: d~na~ic range of the amplitude measurements. 
Th1s 1s 1ndicated by the 60 dB and 40 dB notations 
during some time periods in Fig. 2. During tests 
on other specimens, 20 dB gain was sometimes also 
used. 
So, that's kind of an overview of what is 
shown in Fig. 2. It shows the erratic nature of 
the fracture and some of the types of data that we 
can get from these tests. 
41 
Now, looking at this in a little. more detail, 
we performed some tests by loading and unloading in 
the elastic region. Early in the loading history, 
we get a few events on loading, none on unloading. 
Loading it back up again, no emission events occurred 
until the previous high load had been reached and 
exceeded, then more emission events would start 
coming out. This would continue until the specimen 
was loaded up to a point such as indicated by a 
small inflection or load drop on the loading curve. 
Upon unloading from that point, emission events 
oc~urred during the unloading part of the cycle. 
I interpret that as being interference of the fibers 
coming back together in the fracture region. If 
the load is cycled to that load level two or three 
times, all the emission activity goes away. The 
point of all this is that any characterization of 
the fracture behavior or the state of the specimen, 
based upon just the number of emission events alone, 
is going to be very dependent upon past loading 
history, and it will be very hard to interpret. 
Another effect is seen on the bottom curves of 
Fig. 2. The average amplitude of the emission 
events with time during the loading history, as 
measured b¥ the ratio NINE, goes through a maximum 
and then levels off at some lower value. This was 
typical of all specimens. We interpret the maximJJm 
as being due to the growth and stabilization of the 
pre-existing flaws, growing out from localized 
weaker regions into the stronger matrix. The con-
stant amplitude region is then the growth from that 
point on, through the presumably ~tronger composite 
material. A second point is that the average value 
for the unaged specimens was always greater than 
the average value for the aged specimens. 
Figu~e 2 .. Typ~cal load and acoustic emission vs. 
t1me_h1st?r1es for SC-2-3 three-point bend 
spec1men 1n the LS-orientation illustrating 
erratic behavior of crack propagation. 
l~e have now discussed two rough measures of 
the am~litudes of the emissions and the amplitudes 
of the fracture steps, first in the average fracture 
surface area per emission and then in the measure 
of the average amplitudes of the emissions at vari-
ous times during the history. In Table I, these 
data are summarized along with the strength data 
for the three classes of materials tested, shown in 
order of increasing moisture resistance from left 
to right. The least resistant material, designated 
SC-2-2, had the graphite fibers treated during man-
ufacture of the composite to substantially reduce 
the strength between the fibers and the epoxy matrix. 
One result of this was that all of the bend speci-
mens failed in compression on the bottom side of 
the specimen, so we can't really compare that 
material to the results of the others. You can see 
there's a big difference in the strength of that 
materia 1 between the unaged and the aged condition, 
but no consistent difference in the average ampli-
tude of the emissions. In the other two materials, 
there was consistent difference in the strength 
properties and in the acoustic emission amplitudes, 
between the unaged and the aged materials. 
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• Figure.3 shows a more quantitative description 
?f the ampl1!udes of the acoustic emissions. This 
1~ a convent1onal cumulative amplitude distribu-
tlon, plotted on logarithmic scales, showing the 
number of emission events which were greater in 
peak amplitude than a certain value on the 
abscissa. Normally, this type of data is inter-
preted in terms of a power law, a theoretical 
relation borrowed from seismology which is repre-
sented by a straight line on this type of plot. 
The slope of the curve gives the exponent of the 
power law relation and physically represents the 
sp~ea? of the distribution in amplitude of the 
em1ss1on events. 
. Tony Evans of our laboratory was first to 
po1nt out that the power law relation does not 
really describe the real world very well and 
suggested, perhaps, that a statistical extreme 
value distribution function represents a better 
mod:l of acoustic emission generation, particular-
ly 1n the low amplitude region. The extreme 
v~lue funct~on also agrees better with some pre-
Vlous exper1mental data, and in this case, where 
the power law obviously doesn't apply we have 
tried to fit three of these extreme v~lue distri-
butions, just as an exercise, to one of the 
experimental curves. The three dashed lines are 
these theoretical extreme value distributions. 
The sum of the three are shown as the open circles 
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superimposed upon the experimental data which is 
the solid curve. So, it can be done. In this 
case, i.t's only an exercise because I'm not all 
that confident of the accuracy of these data, for 
one thing, because of the method we had to use to 
obtain it, and also because we would like to see 
a wider dynamic range in the amplitudes in order 
to provide a less ambiguous fit with the theory. 
The fit is good enough to at 1 east suggest that 
there are three different fracture mechanisms going 
on with their own amplitude distributions, and that 
these change, particularly down in the low ampli-
tude end, between the aged material and the unaged 
material with confirmation. This might be used as 
a tool in determining the degree of environmental 
degradation in a proof test of a structure. 
Considerable effort went into identifying the 
different fracture mechanisms by frequency spectral 
analysis of the acoustic emissions. I don't want 
to spend any time describing the methods used today, 
since we have reported them to you before and they 
are well documented in the literature. We did 
identify several distinct spectral types. Again, 
dorrelation with particular fracture mechanisms was 
not possible. Also, one other observation was that 
the variability between the frequency spectrum of 
individual acoustic emission events within a given 
spectral type was much greater in this material 
than in any previous material that we have studied. 
That could possibly be due to the greater variation 
in the geometries of the emission sites in this 
very complex composite material, or it could be 
due to the dispersion in the acoustic path between 
the source and the detection transducer. 
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Figure 3. Cumulative amplitude distribution - F(V) 
Frequency spectral data for one specimen is 
shown in Fig. 4. Again, the load-time curve 
showing the acoustic emission record is shown. 
Above it, different frequency spectral types and 
when they were observed to occur during the loading 
are indicated for several time periods during the 
test for which the recorded signals were analyzed. 
Most of the acoustic emissions were white noise 
(WN), i.e., having a very broad frequency content, 
but tending to have either of two rather distinc-
tive spectral shapes as ind;cated at the top of 
Fig. 4. At any given time the relative numbers of 
the other different types are indicated by the 
density of the lines shown. For example, most of 
them were white noise during the first analysis 
period, while quite a few of them were Type III 
near the end of the period. That's how this dis-
play was intended to read. 
You can see some correlations between the occur-
rence of the different spectral types and the load-
ing history; for example, at the first deviation 
from linear loading, the first occurrence of the 
Type III emission was noted. Also, the first occur-
rence of the Type I emissions was immediately pre-
ceding and during a major catastrophic crack growth 
step, and these occurred throughout the rest of the 
history of the specimen. I don't want to make any 
more of that than is indicated here, but for each 
specimen analyzed, there was some indication that 
the frequency spectral information can be used as 
an indication of where you are in the crack growth 
history. Also, comparing these data for the unaged 
specimen with those of the aged specimen, there are 
some differences. They are subtle and, at this 
point, it is not possible to sort out the exact 
mechanisms operating. The fact that differences 
can be seen is encouraging, however . 
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Figure 4. Correlation of frequency spectral types 
of emissions with the load and event vs. time 
histories for an LT-orientation specimen of B-1 
matP.rial in the unaged condition. Note that the 
event and count curves are folded back at incre-
ments of NE=20xlo3 events and N=lxl0° counts. 
In order to apply signal characterization to 
the test of a large component structure, attention 
must be paid to the highly attenuating and disper-
sive nature of wave propagation in these material. 
Figure 5 shows the velocity and the attenuation vs. 
frequency in the B-1 material. Both plate specimens 
and bar specimens were used to obtain these data. 
You can see it is very attenuating at higher fre-
quencies and very dispersive at lower frequencies. 
This must be taken into account in a test on a 
structure. Of course, crossply laminates would 
have different characteristics than this, so in each 
case these properties of the material would have to 
be measured. 
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Figure 5. Directional dependence of the velocity 
and amplitude of acoustic pulses in a l/4 inch 
thick unidirectional graphite-epoxy composite 
laminate. 
In a proof test situation, acoustically active 
areas would be located in a conventional manner by 
triangulation and then a single broadband transducer 
would be attached to the structure in close proxi-
mity to the source. Characterization could then 
be done on the amplitudes, frequency spectra, and 
so on, much as in a laboratory test specimen. 
In summary, where are we? Although there is 
no guarantee from this study that acoustic emission 
signal characterization will help in defining flaw 
severity or the degree of moisture degradation, 
some of the results suggest that this capability is 
possible. The number of emission events alone is 
ambiguous, particularly in the early flaw growth 
history, being strongly dependent upon the past 
loading history. However, the amplitude distribution 
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and the spectral information may provide the infor-
mation required. 
Now, where are we going? We would like more 
accurate data taken over a wider dynamic range, and 
we are building equipment now to do this. It will 
collect in real time severa1 characteristics of the 
emission events and display these characteristics 
as they change during a test. 
Also, Dick Elsley of our laboratory has devel-
oped computer software to sort out and cross-
correlate these characteristics, making this chore 
less tedious and more quantitative. 
Finally, Bill Pardee has developed a theoreti-
cal description of the contributions of the acoustic 
emission source, the wave propagation path between 
the source and the detector, and the detector res-
ponse to the characteristics of the emission signal. 
In this formalism, these three components are sep-
arable and their effect on the received emission 
signal can be analyzed independently, as you will 
hear more about this afternoon. This theoretical 
work has helped in interpreting the experimental 
observations already, and further source modelling 
is expected to provide an important contribution 
in this area. 
DISCUSSION 
PROF. MAX WILLIAMS (University of Pittsburgh): Thank you very much, Mr. Graham. We have a couple of 
minutes left. Are there any questions? 
DR. SAM NASH (Frankford Arsenal): You gave us some data on the number of events per unit area. What 
kind of an area are you measuring: projected area or actual area? 
MR. GRAHAM: Projected area. 
DR. NASH: That woul~ be quite different from the real area. 
MR. GRAHAM: You have to make up your own model for just what it means in terms of actual area according 
to the details of what's going on. And also, you have to phase into this the very wide dynamic 
range of the areas and the emission amplitudes. So, this is just a very gross number which provides 
a starting point for these considerations. , 
DR. STEVE CARPENTER (University of Denver): Where you start to get the emission and throughout the 
deflection, do you correlate that with a plastic strain rather than timer It looks like that 
begins where you begin to have some plastic strain. 
MR. GRAHAM: Right. It starts building up about that point, although there are some emissions before 
then. I'm not sure how you would sort out the difference between plastic strain an~ actual 
irreversible microfracture processes that are going on around the pre-existing defects. No, I 
haven't tried to analyze it. 
PROF. WILLIAMS: I have a general question to the speaker, perhaps to some of the audience. It has 
bothered me for a considerable length of time on acoustic measurements, and I'm going to focus on 
the unloading mechanisms, that the acoustic bursts, the acoustic emission energies that are 
indicated perhaps might be used in reverse. When one unloads the specimen, if you had a perfect 
crystal, presumably the burst energy could~ through recombination of the atomic structure, absorb 
some of the energy and then lead to absorption of energy instearl of the outburst of energy. The 
question is: has anyone measured or attempted to measure this kind of energy absorption under 
the unloading or recombination of energies even during the loading? The first question is the 
primary one that concerns me. Has anyone in the acoustic business attempted to measure the absorp-
tion of energy as a specimen is unloaded or loaded? 
First crack at it to you, I suppose, Mr. Graham. 
MR. GRAHAM: I'm not aware of it. 
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PROF. WILLIAMS: Anybody in general? 
DR. CARPENTER: If you consider the absorption of energy in measuring the damping as you unload it, yes, 
we have measured the dislocation damping along with the acoustic emission both in loading and 
unloading. 
PROF. WILLIAMS: With simultaneous measurements? 
DR. CARPENTER: Simultaneous measurements. 
PROF. WILLIAMS: That's very good. And the material, please. 
DR. CARPENTER: We're working now in very pure iron with four levels of carbon concentration and also 
doing some hexagonal close-packed materials. 
PROF. WILLIAMS: And that is a metal structure we note for the record. There has been some work in the 
rubbers - thermo-elastic materials - that I have been aware of which sparked my question. 
Thank you very much, Mr. Graham. 
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